Purpose of Review To summarize current views on the role and therapeutic potential of growth factors (GFs) within endodontic cell homing. Recent Findings Cell homing/revitalization techniques aim to regenerate dentin and pulp using endogenous cells. Clinically, revitalization has successfully created new vital tissue in necrotic permanent teeth with an open apex; however, there is no evidence of new odontoblasts, pulp tissue, or predictable extension in root length. Although the response is reparative rather than regenerative, exciting opportunities to improve these biologically-based strategies remain by (1) efficiently sequestering dentinmatrix-components (DMCs) using irrigants and dental materials (2) designing next-generation GF-releasing scaffold materials and (3) utilizing other sources of GF such as cells and plasma-rich plasma and plasma-rich fibrin. Summary GFs can promote reparative-dentinogenesis and pulp-like tissue formation. The future development and clinical approval of GF-functionalized-scaffolds is a priority; however, current focus should be to harness DMCs and target the interaction of stem cells and GFs.
Introduction
If dental caries progresses without remedial treatment, the microbial infection will advance and bacteria will invade the pulp tissue; this challenge will lead to irreversible pulpits, pulp necrosis, and subsequent apical periodontitis [1] . Management of pulp necrosis is root canal treatment (RCT) in mature teeth; however, if the root formation is not complete, a combination of thin dentin walls and open apices make completion of conventional RCT challenging [2] . Immature pulpless teeth are also more vulnerable to injury, losing the ability to sense environmental change and are more prone to root fracture [3, 4] . Traditional treatment of immature teeth is apexification, which involves placing a tri-calcium silicate matrix at the apex [5] , or inducing a barrier using calcium hydroxide; however, these techniques are not designed to induce extension of root length or width [6, 7] and generally have poor long-term prognosis [8] . Therefore, strategies to either maintain pulpal health or stimulate the development of new biological tissue are paramount, not only to promote minimally invasive solutions but also to retain or reinstate the capacity of the pulp to generate tertiary dentin and respond to injurious stimuli [9•] .
Developing biological strategies to replace vital tissue in the root canal space has recently attracted significant attention under the banner of "Regenerative Endodontics" [10, 11••] . These pulp revitalization procedures [12] are not new, with successful revascularization in immature pulpless teeth reported in both monkeys and humans in the 1970s [13, 14] . Although this work demonstrated the potential for a pulp revascularization procedure to induce apical closure and continuous root formation in immature human teeth, the interest in this area diminished at that time [14] . Thirty years later, however, there is renewed interest in revitalization after human studies reported that connective tissues, blood vessels, dentin, and cementum-like tissues filled the root canal space after pulp revitalization procedures [15••, 16] . These data now This article is part of the Topical Collection on Dental Stem Cells in Tissue Regeneration suggest that this procedure has the potential to regenerate biological tissue if normal periapical tissues containing Hertwig's epithelial root sheath and the apical papilla remain in a healthy state prior to a tissue engineering approach.
Growth factors (GFs) are polypeptides, which stimulate cell proliferation and are major growth-regulatory molecules for cells in culture and in vivo [17] . GFs and other morphogens form one of the three essential components of a tissue engineering approach in combination with an appropriate scaffold and progenitor or stem cell (SC) population [18] . Revitalization techniques in Endodontics do not rely on an expanded SC population being transplanted into the root canal, but rather on the use of mobilization factors, including GFs, chemotactic agents, and other signaling factors, to "home" the cells into the root canal system from the periapical vasculature to the site of injury. SC homing is defined as the recruitment of endogenous SCs from bone marrow and other niches by signaling "mobilization" factors to the site of injury to induce repair [19] . Several key mobilization factors have been identified, including granulocyte colony stimulating factor (G-CSF) [20] , cytokines such as interleukin (IL)-8 [21] and Fms-like tyrosine kinase-3 (Flt-3) ligand [22] , chemokines including stromal cell-derived factor-1 (SDF-1) [23, 24] , as well the GFs, vascular endothelial growth factor (VEGF) [25] , angiopoietin-1 (ANG-1) [26] , and macrophage inflammatory protein-2 (MIP-2) [27] . GFs in particular are critical to the success of cell homing and can be sourced endogenously from the dentin matrix [28••] , SCs or other cell populations [29] , as well as platelet-rich-plasma (PRP) and plateletrich-fibrin (PRF) [30] , or exogenously within a functionalizedscaffold containing one or several GFs [31, 32] (abbreviations- Table 1 ). A range of GFs are considered important within pulp repair/regeneration (Table 2) , including those targeted at cell differentiation from the transforming growth factor (TGF) superfamily to others aimed at cellular processes including angiogenesis, neurogenesis and cell migration [28••, 34] .
The attraction of a cell-homing strategy in clinical Endodontics in comparison with a cell-based therapy is that there is no requirement for exogenous SCs to be isolated and supplied [35] . Pulp regeneration using SC transplantation has several inherent problems, including difficulties in obtaining regulatory approval, SC isolation and processing, the relatively high-cost associated with storage (cell cryopreservation), expansion, and a biological risk of immune-rejection, infection, and tumorigenesis [36] . The predictability of pulp revitalization using cell-homing therapy is limited by a lack of cells; however, recent reports demonstrated pulp-like regeneration with a cell-free technique employing GF cocktails [37] . Therefore, the clinical method of pulp revascularization may be modified in the future, for example, with use of selected GFs, morphogen cocktails, and functionalized scaffolds to regulate the formation of the vascular system as well as the hard tissues in the tooth. The focus of this review is to discuss current views on the source, role, and interaction of GFs within regenerative endodontic cell-homing procedures.
Review
How Important Are Growth Factors Within Regenerative Endodontics?
The American Association of Endodontists (AAE) describes Regenerative Endodontics as a concept of tissue engineering to restore the root canals to a healthy state, allowing for continued development of the root and surrounding tissue [10] . This description appears to exclude not only vital pulp techniques such as pulp capping or pulpotomy, but also experimental SC-based pulp regeneration therapies. In clinical reality, the AAE statement only currently includes the cellhoming "revitalization" technique, which is a cell-free technique attracting the host endogenous cells by GFs and other signaling molecules, rather than SC delivery [34] . During the initial revitalization visit, there is minimal instrumentation, profuse chemical disinfection, and placement of an inter-appointment medicament, while at the second appointment; mechanical agitation creates bleeding (to transplant endogenous SCs and GFs) from the periapical region and fibrin clot formation in the root canal, prior to coronal restoration [12] . Initial reports of the procedure offered the exciting prospect of regeneration of a vital biological tissue within the root canal system and continuing root development [38] . As a result, the aim of revitalization was established to resolve signs and symptoms, and promote further root length, thickness, and maturation as well as regenerating a vital responsive tissue in the root canal system [18] . Unfortunately, although a regenerative response seems possible when the epithelial root sheath of Hertwig, apical papilla, and vital tissue remain [15••] , it is unlikely after pulp necrosis [39••] . Indeed, using current techniques, it appears that revitalization will at best stimulate repair, not regeneration with minimal gain in root length over traditional apexification techniques [7, 35] . As a result, specific attention was directed to developing methods, which harness the fossilized bioactive dentin matrix components, including GFs and other signaling molecules, with irrigants, medicaments, and materials [40] [41] [42] [43] . Additionally, new functionalized scaffolds are being investigated as a mechanism for controlled delivery of angiogenic and other exogenous GFs to support and improve the regenerative response [31, 44] . Dentine matrix components were extracted over 14 days with 10% EDTA or three epigenetic modifying agents (histone deacetylase inhibitors). Combination of unpublished and modified published data highlights the range of GFs present in dentine [33] What Is the Interaction Between Stem Cells and Growth Factors?
SCs form an essential component of tissue engineering and cellhoming procedures, being self-renewable and having the ability to differentiate into multiple tissue lineages [45, 46] . SC populations in dental and central niches are potentially important in contributing to revitalization procedures including dental pulp stem cells (DPSCs), stem cells for the apical papilla (SCAPs), human periodontal ligament stem cells (PDLSCs) as well as centrally residing SC populations such as human bone marrow stromal stem cells (BMSSCs), and hematopoietic stem cells (HSCs) [47] . SC behavior can be modulated by producing GFs themselves [29] and by GFs released from dentin [48] , other cells [49] , or scaffold materials [31] . DPSCs are located in the central region of the pulp space [50] and have the ability to migrate, proliferate, and differentiate into odontoblast-like cells after primary odontoblast death in reparative tertiary dentinogenesis [51] . Although they are unlikely to represent a significant SC niche after pulp necrosis, DPSCs can survive and differentiate down osteoge nic/dentinogenic lineages in irreversible pulpitis and early necrosis when at least some vital tissue may persist apically [52] . Furthermore, GFs such as stromal cell-derived factor-1 (SDF-1) and basic fibroblast growth factor (bFGF) enhance DPSC migration in 3D collagen gels, while another GF, bone morphogenic protein (BMP)-7, induces osteogenic differentiation but not cell migration [53] . These data highlight the complimentary and varying role of individual GFs in dental regenerative processes. Furthermore, SDF-1 in combination with a collagen matrix enhances micro-vessel formation in DPSCs with involvement of autophagy in vivo [54] . DPSCs also indirectly promote cell migration and proliferation of neuronal progenitors, indicating that mobilization factors produced by DPSCs can recruit progenitors of neural cells and stimulate neuronal maturation and neuritogenesis [55] .
SCAPs and DPSCs share similarities and differences. CD24 is present on the SCAP surface, but not on DPSCs [56] , while SCAPs and DPSCs are likely to be the cell source for primary root formation [57] . After pulp necrosis, the recruitment of SCAPs or SCs migrating from the blood system becomes more important and more complex than recruitment of DSPCs due to a loss of pulpal blood supply [58] . During apical periodontitis, SCAPs retain vitality and stemness, and can undergo osteogenic and angiogenic differentiation under the influence of GFs [59] . Chemotactic GFs including SDF-1, TGF-β1, platelet-derived growth factor (PDGF), G-CSF, and bFGF stimulate migration of SCAPs, while a combining G-CSF and TGF-β1 significantly enhanced mineralization responses [48] . From a translational perspective, SCAPs transplanted into the root canal formed a vascularized pulplike tissue and new dentin-like tissue at the dentinal wall [60] . Furthermore, SCAPs in matrigel functionalized with the GFs, brain-derived neurotrophic factor (BDNF) and glial cellderived neurotrophic factor (GDNF), promoted axonal outgrowth of trigeminal sensory neurons in vivo, indicating that SCAPs may provide a valuable resource for regeneration of neurites [61] .
PDLSCs are located around the root, between the bone and cementum, participating in the formation of the cementum as well as bone formation [62] . During revascularization procedures, it is necessary to increase in the thickness and length of root dentin wall as well as stimulating an apical closure with cementum and recruiting PDLSCs may contribute to this; however, it is unlikely that cells from the periodontal ligament will be able to differentiate into odontoblast-like cells in the pulp space [63] .
As BMSSCs are capable of differentiation down the mesoderm lineage to osteoblasts, adipocytes, and chondrocytes, they are potentially a good cell source for pulp revitalization [64] . Indeed, stem cell factor (SCF) enhances cell migration, proliferation, and osteogenic differentiation of BMSSCs in vivo in a dental cell-homing model [65] . Angiogenesis and neovascularization are critical to HSC survival and migration with the potent angiogenic GF, VEGF, stimulating bone marrow-derived endothelial cells, and the recruitment of perivascular cells including CXCR4-positive cells via upregulation of CXCL12 [66, 67] . Both in vitro and in vivo studies have demonstrated that human recombinant VEGF treatment strongly induced mobilization of endothelial precursor cells [68] , highlighting the importance of dentally derived GFs to attract BMSCs to the injury site in the root canal.
How Important Is the Dentin Matrix as an Endogenous Source of Growth Factors?
During the procedure of cell homing within the root canal space the irrigant, dental restorative material and scaffold will not only contact migrating cells but will also interact with the dentin surface. Dentin is a reservoir for a broad range of bioactive dentin matrix components (DMCs), which are stored in the matrix during development. Several bioactive groups have been identified (Table 2) including BMPs, GFs, and tissue proteases [69] [70] [71] , with the therapeutic harnessing of these molecules critical to the process of dentin-pulp repair [28••] . Indeed, the release of bioactive components, including angiogenic, metabolic, and chemotactic cytokines, is likely key to enabling regenerative processes following caries, dental trauma, or during revitalization procedures [70, 72, 73] . In support of this, the ability of ethylenediaminetetraacetic acid (EDTA) [42, 74] , mineral trioxide aggregate (MTA) [41] , calcium hydroxide [40] , dental adhesives [75] , ultrasonic activation [76] , and epigenetic modifiers (histone deacetylase inhibitors) [33] , to facilitate the release of DMCs and augment the regenerative response, has been demonstrated. Irrigation, as part of chemical disinfection, has attracted particular attention as it has the potential to release a range of DMCs including GFs beneficial to cell migration, proliferation, and differentiation [42, 77] . Irrigating with 17% EDTA can release TGF-β family members from the extracellular matrix of dentin [40] . Sodium hypochlorite, however, may have a deleterious effect on SCAP cell survival and differentiation ability, leading to suggestions that the final rinse in cellhoming procedures should be with a 17% EDTA solution [78•] , while others have highlighted improvements in SCAP cell adherence and viability using dexamethasone-releasing nanoparticles to condition dentin [79] (Fig. 1 ). An alternative disinfectant, chlorhexidine, in combination with 5 min of EDTA conditioning, also inhibited GF release from dentin compared with EDTA alone, but to a lesser extent than NaOCl [77] ; notably, this inhibitory effect could be reversed if EDTA-conditioning was doubled to 10 min. The observed interaction could be due to substantivity of chlorhexidine interfering with GF release from dentin; however, it remains at present the most suitable alternative to NaOCl in revitalization cases. In terms of medicaments, calcium hydroxide is more effective in extracting DMCs than the most commonly used medicament in revitalization procedures, triple-antibiotic paste (TAP) [12, 77] , particularly in a water-based rather than oil-based formulation [40, 77] . Another advantage of EDTA and water-based calcium hydroxide medicaments is that they are relatively easy to remove compared with oil-based TAP and chlorhexidine solutions or gels. Furthermore, TAP formulations have been shown to inhibit SC survival [32] , and a recent position statement has recommended that they now be superseded in revitalization by calcium hydroxide [11••] .
DMCs alone can induce odontoblast differentiation [80] , with two GFs present in dentin extracts, bFGF and/or VEGF, sufficient to form a pulp-like tissue by cell homing [37] . Others, however, have highlighted that the angiogenic GFs present in dentin were insufficient to induce endothelial differentiation in vivo [81] . The apparent differences evident in these studies are likely due to differences in experimental design, with the first study being an ex vivo culture-based analysis of dissected mouse tooth germs [37] , while the second is an in vivo tooth slice/SC model transplanted subcutaneously into the dorsum of an immunocompromised mouse [81] . This highlights an important clinical consideration that although tissue engineering is often successful with in vitro modeling, in vivo when pulp tissue needs to be grown into an empty root canal space, critical processes such as angiogenesis may need GF supplements in order to develop effectively.
Are Cells Also an Endogenous Source of Growth Factors?
Much recent focus in regenerative endodontics has considered the role of dentin-bound GFs to chemotactically attract and orchestrate SC behavior [28••] . It is worth taking notice of the role of not just SCs, but other cells such as fibroblasts and fibrocytes in contributing to the expression of GFs and the regenerative response [49, 82] . Fibroblasts are the most common cell of the pulp and can produce GFs, including bFGF, VEGF, and PDGF aimed at mineralization, angiogenesis, and neurogenesis [49] . DPSCs have also been demonstrated to have a paracrine effect secreting GFs such as BDNF, nerve growth factor (NGF) VEGF, and GDNF [83•] , while hypoxic conditions also increased the expression of VEGF and bFGF in DPSCs and fibroblasts [84] . In cases of pulp necrosis, the pulp cells will not contribute to the healing response; however, a range of bioactive molecules will also be released by the cells in the periapical region, albeit long-term bioavailability will be naturally compromised by high vascularity and rapid turnover in that area [28••] .
Are There Any Other Endogenous Sources of Growth Factors?
Regenerative techniques employing PRP have become increasingly popular in oral surgery to augment wound healing [85] , in periodontology to augment guided tissue regeneration procedures [86] and within endodontics as a supplement to promote cell-homing techniques [30] . PRP is essentially a concentrate of blood products containing a rich source of GFs, which forms a natural fibrin gel acting like a scaffold to stimulate bone and soft-tissue healing [87] . GFs, which have been sourced from PRP, include PDGF, plateletderived epidermal growth factor (PDEGF), TGF-β, insulin growth factor (IGF)-1, VEGF, epidermal growth factor (EGF), epithelial cell growth factor (ECGF) [88] [89] [90] , and a plethora of other signaling molecules. Although representing an attractive locally sourced supply of GFs, a disadvantage of using PRP clinically is the need for special "chairside" equipment (e.g., centrifuge), reagents for preparing PRP, as well as phlebotomy, which increases the cost and invasiveness of the treatment [91] . A further technical problem is controlling the placement and release of GFs from the concentrate, which may lead to a rapid rather than sustained delivery of bioactive GFs. In order to improve its physical properties, it has been suggested that PRP can be mixed with collagen, hydrogels, alginates, or other scaffolds to solidify the structure and modulate its degradation speed [87] .
Another similar product, PRF, is a fibrin matrix including platelets, cytokines, and GFs, which acts as a biodegradable scaffold [92] . In comparison to PRP, which requires the use of anticoagulant agents, PRF does not require additives and forms an improved fibrin structure protecting the developing tissues and controlling the gradual release of GFs as the membrane degrades [93] . Some claim that PRF accelerates tissue growth compared with PRP [94] , while conversely, others have shown no improvement in outcome compared with a blood clot alone [95] . A recent systematic review demonstrated no difference between PRP, PRF, and blood clot alone when comparing the outcome measures of increased wall thickening and root closure [96] . Notably, small numbers and short follow-up limit available clinical studies in this area.
Do We Need to Use Exogenous Sources of Growth Factors?
Artificial support systems incorporating GFs, so-called functionalized or "doped" scaffolds, are necessary to assist tissue regeneration when transplanting SCs into the root canal space and could be useful as an adjunct to cell-homing techniques for improved outcomes [31] . Although it has been reported that DMCs alone can induce differentiation of DPSCs into odontoblasts both in vitro [80] and in vivo [97] , it is challenging within the confines of the necrotic root canal space to supply sufficient nutrients and oxygen to the recruited cells, to maintain cell survival and functional activity. Angiogenesis and neovascularization is a critical step in tissue regeneration process, and ready supply of angiogenic GFs is essential. Notably, DMCs alone could not induce endothelial differentiation in vivo [31] despite the presence of angiogenic GFs in dentin [98] . Practically, the current methods of extracting DMCs by the use of etchants or irrigants are limited by lack of control, specificity, and likely of short duration of action of the released GFs [33] . The gold standard endodontic irrigant sodium hypochlorite is likely to both inactivate the extracted DMCs as well as reduce the survival and differentiation capabilities of apical SC populations so that the biological response is significantly diminished [78•, 99] . One solution is to optimize the irrigation protocol to maximize GF survival; however, this may compromise disinfection leading to further infection. Another solution is to develop biomaterials, which incorporate a mechanism to control and sustain the release of GFs to aid SC migration, attachment, and rapid vascularization of the pulp space. These functionalized scaffolds could be injected into the root canal space and incorporate GFs such as bFGF, TGF-β1, PDGF, and VEGF [100] [101] [102] , and other morphogens incorporated into the structure. Although seemingly a physiologically attractive solution, the use of exogenous GFs embedded in scaffolds is complicated by GF instability and short-half life, expense, safety, ethical issues, and the need for extensive clinical trials in various phases before approval. Perhaps, judicious GF selection or the functionalized scaffold is the best way forward, as it may be that pro-angiogenic GFs are more important than others are, with one clinical study reporting no advantage after 18 months of an injectable scaffold with bFGF over a traditional revitalization technique [103] .
What Is the Currently the Optimal Way to Stimulate GF Release in Cell-Homing?
GFs will likely have temporal and spatial expression, as well as specific roles during cell-homing procedures; however, the Fig. 1 Schematic drawing representing the influence of dentin matrix components (DMCs) extracted by a range of etchants, irrigants, dental materials, and epigenetic modifying agents, (histone deacetylase inhibitors
[HDACi]) on the promotion cell migration, angiogenesis, neurogenesis, mineralization, and regenerative events exact nature complex interaction remains to be fully elucidated. In order to better understand the clinical interaction of GFs, it is sensible to analyze this in a sequential fashion while highlighting the best current therapeutic strategy to optimize GF release during revitalization. Preoperatively, there is unlikely to be significant release of reparative GFs in the necrotic/infected canal; however, SCAP populations have been shown to be resilient to infection and inflammatory processes ready to be utilized after effective infection control [59] . After endodontic access, a combination of minimal instrumentation, disinfection with chlorhexidine, and a final rinse with 17% EDTA will stimulate the release of GFs (e.g., TGFβ-1, VEGF) and other mobilization factors from dentin, which will promote SC chemotaxis from the apical papilla and beyond. The inward, migrating SCs will also release GFs, and in both, an autocrine and paracrine fashion promote [83•] proliferation, expanding their population and directing differentiation down several lineages such as angiogenesis, neurogenesis, and mineralization. These processes will be aided by continued GF release from dentin, induced by the calcium hydroxide intra-canal medicament after the first visit [40] . The calcium hydroxide dressing will be removed again with prolonged irrigation with EDTA (releasing further GFs including members of the TGF superfamily), and mechanical agitation of the periapical area will bring in both cells (SC and other), which will be embedded in and release GFs extracellularly from the developing fibrin clot [12, 58] . The placement of MTA in contact the clot will induce the release of DMCs in a prolonged fashion, which contribute GFs and other bioactive molecules to augment the ongoing regenerative processes in cell homing [41] . At this stage, there will be an effective, "GF cocktail," harvested from both dentine and cellular sources. That said, determining the exact contribution between GFs released by cells and extracted from the dentin matrix is complex; however, it is suffice to comment that both are likely to contribute significantly in a symbiotic manner to cell proliferation and differentiation within revitalization procedures.
Although it is clear that although odontoblast-like differentiation is possible with GFs alone in vitro, it is not yet possible to regenerate the dentin-pulp complex in vivo in cases of pulp necrosis [32] . In order to develop new regenerative strategies, exogenous GFs or GF cocktails are needed to drive the biological response GFs in a functionalized tissue engineering scaffold. Although the focus of this report is GFs role within cellhoming procedures, if we extrapolate evidence from SC-based regenerative therapies, it is evident that the use of transplanted SCs and selected exogenous GFs including bFGF [104] , or chemokines such as SDF-1, can regenerate pulp tissue in vitro and in vivo [105] . Although complicated by safety, expense, and ethical issues, novel research in SC-based therapies has progressed to the clinical trial stage in Japan, a trial in which a DPSC population was transplanted with the cytokine G-CSF in an atelocollagen scaffold [106, 107] . This exciting work also offers opportunities to extrapolate and consider the most effective way to optimize the combination of migrating SCs, exogenous signaling molecules/GFs, and extracellular scaffolds [108] in revitalization procedures.
Conclusions
Revitalization has recently gained momentum as a biologically based alternative to traditional apexification techniques for teeth with open apices. Although regeneration of the damaged dentin-pulp complex is possible with revitalization, a reparative process with no increase in root length is more likely at present. Attempts to improve the response have focused on understanding the release and interaction of GFs, in order to improve regenerative endodontic treatments. GFs appear sufficient to "home" SCs into the canal space, promoting dentinogenesis and pulp tissue formation in vivo; however, optimizing angiogenesis and neurogenesis by supplementing and sustaining GF release is critical. GFs are available from endogenous sources including dentin, SCs, and concentrated blood products (e.g., PRP), which avoid the ethical, safety, and expense of developing delivery mechanisms for exogenous GF release. Future studies should aim to optimize the sequestration of bioactive DMC components as well as develop next-generation functionalized scaffolds and delivery platforms for GF application within revitalization and cell homing. 
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